Investigations of time-dependent laminar and transitional flows need accurate and reproducible generation of the flow as a function of time. For this purpose, an electronically controlled air valve, with which the mass flow rate is controlled, was designed and built. The working principle and lay-out of the valve are explained and the performance of the valve is demonstrated. It was found that with the present equipment one can study any non-periodic and periodic flow and the flow can be adjusted to be laminar, transitional and turbulent. The investigations on laminar and transitional time-dependent flows are reported. Laminar flow investigations showed that the generated sinusoidal mass flow rates agree well with that of analytical solution. Non-periodic transient and periodic sinusoidal pulsatile transitional flows were investigated. It was shown that elucidation of the transition in non-periodic transient flows may help in understanding the transition in periodic flows.
Introduction
There are number of publications in the literature, describing investigations of pulsating pipe flows as indicated by the recent review articles of Ç arpınlıoglu and Gündogdu (1) and Gündogdu and Ç arpınlıoglu (2) , (3) . But the experimental investigations carried in the literature on pulsating flows compared to steady flow investigations, are rather less in number. The main reason for this is an existing lack of experimental facilities that provide repeatable and well controlled flow conditions for flow with pulsations. This can be readily seen from the contradictory experimental results of different researchers on laminar, transitional and turbulent pulsating pipe flows (2) , (3) . Without any doubt to the authors, there is a need for more experimental work on pulsating pipe flows and this suggests that flow facilities have to be developed that permit controlled experiments of unsteady flows. For this purpose, an electronically controlled air valve working under choked flow conditions equipped with an electronic control circuit has been developed and built for pulsating pipe flow investigations (4) . In contrast to the flow generation devices in the literature, the mass flow rate of the flow can be set as any function of time with the developed system. Because of this flexibility in controlling the time-dependent variation, it became possible to investigate not only sinusoidal pulsations, also any kind of periodic and non-periodic flow rate variations experimentally.
The aim of this paper is to present some examples of time-dependent pipe flow investigations performed with the developed system, whose description is also provided. The examples are limited to fully developed, pulsating, laminar pipe flows, and non-periodic transient and periodic pulsatile transitional flows.
Working Principles and Performance of the Mass Flow Rate Controller
The mass flow rate controller consists of two basic units, a valve, working under choked flow conditions and an electronic control unit, regulating the mass flow rate. Figure 1 depicts the basic layout of the valve of the mass flow rate controller. On one side of the valve there is a high-pressure reservoir filled with a gas of a pregiven pressure P H , density ρ H and temperature T H . When the sphere is opened, a flow will be established toward the low pressure reservoir where the thermodynamic state properties of the fluid are P L , ρ L and T L .
The flow through the valve shown in Fig. 1 can be imagined as a flow through a convergent-divergent nozzle. In such a flow, the velocity reaches the speed of sound at the location of the minimum cross-sectional area of the flow (later called throat), if the following condition is satisfied: 
where, κ = c p /c v is the ratio of the specific heats at constant pressure and constant volume of the gas. A further decrease in the pressure ratio due to decrease of P L would not have any effect on the velocity at the throat, and hence, the mass flow rate will stay constant (choked flow). Denoting the flow properties at the throat as U * , P * , ρ * and T * , during an isentropic expansion from the high-pressure reservoir to the throat, the flow properties would obey the following relations:
where, a is the speed of sound and is the gas constant. Employing the above relations, the mass flow rate through the valve is derived aṡ
where A T (x) is the area of the opening ring and from Fig. 1 it is obtained as
Eq. (3), together with Eq. (4), means that a particular gas with a known thermodynamic state in the high-pressure reservoir and a fixed valve geometry result in constant, well defined mass flow rates, i.
The displacement of a sphere in front of a nozzle, which is driven under choked conditions, is employed to provide a mass flow rate, proportional to the sphere displacement. Hence the above ideas provide the basis for the valve of an electronically controlled mass flow rate supply system. The sphere is driven by an electrodynamic coil. In operation, the actual displacement of the sphere x and P H are continuously measured. The actual displacement is compared with the reference position, at which the valve gives the required mass flow rate. A fast PID controller controls the current through the coil to keep the sphere at its reference position (see Fig. 2 ). Since mass flow is proportional to the product of sphere displacement times absolute input pressure P H , the reference displacement is continuously calculated by dividing the reference flow by the absolute input pressure. Thus, any change at the high-pressure side is automatically compensated. The mass flow rate is independent of pressure at the output (low-pressure side) as long as the condition in Eq. (1) is satisfied. Since the temperature has only a square root influence, as can be seen in Eq. (3), and the temperature variation in the laboratory is usually very small, mass flow rate is not compensated for the temperature changes.
Owing to the speed of the electrodynamic coil system, the valve can provide mass flow rate variations very rapidly. The maximum frequency for a periodic mass flow rate change is around 125 Hz. The volume flow rate range is 0-180 L/min under laboratory conditions. The desired mass flow rate input signal can be given from an external digital or analog signal source in the range 0-10 V.
The performance of the mass flow rate controller was monitored with hot-wire measurements at the outlet of a Fig. 4 shows the reproducible and accurate response of the developed system. The deviation at high amplitudes is due to the turbulent regime occurring at high mass flow rates. The accurate response to time-dependent input mass flow rate signals makes the developed equipment very attractive for basic laminar, turbulent and especially transitional time-dependent flow studies.
Experimental Set-up
An experimental set-up employing the mass flow rate control system was built for time-dependent laminar and transitional pipe flow investigations (see Fig. 5 ). After the mass flow rate controller, the flow is conditioned with wire screens and straws in order to reduce the background turbulence level. A 10 m long and 15 mm diameter Brass pipe was added after the flow conditioner for the investigations of laminar, transitional and turbulent time-dependent flow regimes.
Static pressure measurements were performed with seven pressure transducers distributed along the length of the pipe. The operating range of the pressure sensors was 20 mbar and the transducers were temperature compensated. The natural frequency of these transducers was around 1 kHz, which allowed tracking of fast pressure changes resulting due to pulsating flows.
The radial distributions of the axial velocity were measured with a DISA 55 MM hot-wire anemometer operating in a constant-temperature mode. In order to carry out measurements of local velocity and hence to perform velocity profile measurements, the hot-wire probe was mounted on a three-directional traversing mechanism. The traversing of the hot-wire probe was controlled with a stepper motor operating in the vertical direction through the COM port of the PC. The PC was equipped with two data acquisition cards, one of which was used for the acquisition of the hot-wire output signal and pressure signals using a sampling frequency up to 333 kHz. The other card was used for the generation of time-dependent mass flow rate signals which serve as an input for the mass flow rate controller.
Laminar Flow Investigations
In order to verify the performance of the present equipment, laminar flow investigations were carried out analytically for fully developed pulsating flows in pipes. For such flow, since there are no transverse velocities, the governing momentum equation is
Since only sinusoidal pulsation is considered in the present paper, the pressure gradient is considered in the following form:
where, p * A = p A /p 0 is the dimensionless amplitude of the pressure gradient pulsation and p * Ae = −ip * A . The equality in Eq. (6) holds only for the real part of the right-hand side. The boundary conditions for this problem are (i) at r = 0, u is finite and (ii) at r = R, u = 0. The analytical solution for velocity can be obtained as
where J 0 is the zeroth order Bessel function of first kind and u av is the average velocity of fluid through the tube corresponding to the steady part of the pressure gradient, i.e., the average velocity obtained for Hagen-Poiseuille flow through a pipe, and is given by u av = p 0 R 2 /8ν, where, r * = r/R is the dimensionless radial coordinate, F = R 2 f /ν is the dimensionless frequency and τ = νt/R 2 is the dimensionless time. Note that this problem and its solution are just a special case of the similar problem for an arbitrary pressure gradient, which has been solved by Uchida (5) . 
Eq. (8) can also be expressed asṁ
A is the amplitude of mass flow rate oscillation and ∆θ is the phase difference between the pressure gradient and the mass flow rate. Experiments, performed for different frequencies, are compared with the analytical predictions. The variations of phase lag and amplitude ratio (ṁ * A /ṗ * A ) with frequency F are shown in Fig. 6 . This figure clearly show that for very low frequency, the phase difference is almost non-existent and the amplitude ratio is almost unity. The phase lag, however, increases with increase in frequency and it asymptotically tends to π/2 for extremely high frequency. The amplitude ratio, on the other hand, decreases with increase in frequency and tends to zero at very high frequency (this regime is usually termed as the inertia-dominated regime). Furthermore some pipe velocity profiles examples are given in Fig. 7 for F = 1, 3 and 7, which shows a good agreement between experiments and analytic solution.
These initial investigations clearly prove that the present equipment can be satisfactorily applied in timedependent laminar flow investigations in which not only sinusoidal pulsations can be investigated but also nonperiodic transient and other periodic functions of mass flow rates. For detailed investigations on laminar, fully developed, pulsating pipe flows, readers are encouraged to read Ray et al. (6) andÜnsal et al. 
Transition Investigations
The number of investigations on laminar-to-turbulent and turbulent-to-laminar transition in time-dependent flows are small, owing to the difficulty with the reproducible and accurate creation of time-dependent experimental conditions. Gündogdu and Ç arpınlıoglu (2) and Ç arpınlıoglu and Gündogdu (1) mentioned that most experimental investigations were concentrated on transition in oscillating flows and very few studies on transition in pulsating flows have been reported. Moreover, transition in non-periodic transient flows, such as transition under continuous acceleration and deceleration, have received relatively little attention. Lefebvre (8) made one of the rare studies of laminar-to-turbulent transition in accelerating flows. Figure 8 shows that the transition processes are clearly different in a flow with a transient ramp-up mass flow rate function and in a flow with a periodic-triangular mass flow rate change, where both flows have the same constant rate of mass flow rate change with time and they have the same minimum and maximum mass flow rate values. Therefore, these two time-dependent transition processes should be examined separately. Moreover, in the following sections it is shown that the knowledge from transitional non-periodic transient flows is essential to understand and control the transition in periodic flows in which accelerating and deceleration phases exist.
1 Transition in non-periodic transient flow
Investigations on the transition in transient flows have the potential to establish a basis for the transition in periodic and spatially accelerating and decelerating flows. As a first step, the effects of acceleration and deceleration together with starting Reynolds number on the transition Reynolds number were investigated. For that purpose, flows with ramp-up and ramp-down excursions of mass flow rates were produced with which constant acceleration and deceleration of the velocity were achieved as shown in Fig. 9 . As can be seen in Figs. 9 and 10, in general, acceleration delays the laminar-to-turbulent transition for the same starting Reynolds number Re min . It was observed that transition Reynolds number does not depend on the starting Reynolds number. In the ramp-down case, for a constant starting Reynolds number Re max , turbulent- to-laminar transition is delayed down to lower Reynolds numbers as the rate of deceleration increases. In these figures the transition Reynolds numbers were found by searching for an abrupt change in the velocity signal and extracting the bulk velocity from the given mass flow rate at that moment. Velocity signals were obtained at the center of the outlet of the pipe. Studies on aspects, such as, the development of velocity profile and friction factor with time will constitute the next steps of the investigations on this subject. 
2 Transition in periodic flow
Transition in sinusoidally pulsating flows has already been observed and investigated by Ohmi et al. (9) and Iguchi and Ohmi (10) . As reported by Ç arpınlıoglu and Gündogdu (2001) , in those studies laminar-to-turbulent transition was divided into two stages: the first stage is the disturbed flow with small-amplitude perturbations in the early accelerating phase of the velocity wave form and the second stage is the turbulent bursts occurring in the decelerating phase of the velocity wave form and over the full oscillation cycle. However, in the present study, additional types of transition scenarios in periodic pipe flows were observed. For a periodically varying mass flow rate, laminar-to-turbulent and turbulent-to-laminar transitions were observed in both accelerating and decelerating phases of the velocity. Examples of such observations for a sinusoidal mass flow rate pulsation are presented in Fig. 11 . The top two sample signals in Fig. 11 show a laminar-to-turbulent transition in accelerating and decelerating phases and a turbulent-to-laminar transition in decelerating and accelerating phases. In the bottom left sample signal, during the acceleration phase a laminar-toturbulent transition followed by a turbulent burst and immediately again a turbulent-to-laminar transition and just before the peak of the signal a laminar-to-turbulent transition can be seen. By keeping the mean flow rate and pulsation frequency constant, and increasing the pulsation amplitude, the turbulent burst disappears as shown in the bottom right sample signal in Fig. 11 . It is remarkable that turbulent-to-laminar transition might occur smoothly as in the top right sample signal in Fig. 11 , whereas it might also occur suddenly as in the case of other sample signals in Fig. 11 or as in the non-periodic transient example in Fig. 9 . The reproducibility of the flow can also be seen clearly from these sample velocity signals.
It has already been shown in Fig. 8 that the transition in a periodic flow has a different nature to the transition in a non-periodic transient flow. Nevertheless, in order to understand transitional periodic pipe flows, the effect of periodicity should be investigated in conjunction with the results of non-periodic transient transition experiments. That is, instead of defining stages of transition and investigation of each stage, it is proposed to conduct well controlled experiments with which scanning of regimes of the flow in Fig. 10 will be performed. A transition-controlling strategy would be the product of such an investigation.
Conclusions and Outlook
It has been shown that the developed mass flow rate controller can be employed in non-periodic and periodic time-dependent flow investigations including laminar, transitional and turbulent regimes.
The laminar flow studies were supported by analytical and numerical studies. Therefore, indirectly it was shown that the mass flow rate controller works even within the accuracy of the analytical results.
The reproducibility of the experimental conditions allowed observations and investigations of different phases of transitional flows. The investigations on transitional time-dependent flows resulted in an awareness on the relation between transition in periodic and in non-periodic transient flows. Moreover, the investigations suggested that it is possible to manipulate transition in periodic flows by using the transition information in non-periodic transient flows.
Although the results presented seem to be the first essential steps towards such investigations, they show originality owing to the accuracy and reproducibility of the time-dependent flow conditions.
